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ABSTRACT 


A  review  of  Exploding  Wire  Phenomena  (EWP)  research 
is  presented.  This  review  covers  the  work  performed  from 
1774  to  the  most  current  publication.  Representative  and 
significant  studies  are  cited  to  indicate  the  difficulties 
associated  with  EWP  research  and  the  recent  progress 
made  in  overcoming  them. 


PROBLEM  STATUS 

This  is  an  interim  report;  work  on  this  problem  is 
continuing. 


AUTHORIZATION 


NRL  Problem  E02-02 


The  purpose  of  this  report  is  to  examine  in  some  detail  the  more 
recent  Exploding  Wire  Phenomena  (EWP)  literature.  To  introduce  the 
subject,  a  review  of  selected  EWP  studies  is  presented  to  show  the  grow¬ 
ing  mastery  of  diagnostic  techniques  of  this  rather  complicated  phenomenon. 

The  content  of  the  paper  is  divided  into  four  principal  sections 
chronologically,  reflecting  the  periods  of  significant  work  and  the  intro¬ 
duction  of  new  investigative  techniques.  The  first  period  might  be 
described  as  reportorial  insofar  as  it  served  to  describe  generally  the 
experiments  of  early  workers  and  to  stimulate  further  interest  in  this  area. 
This  period  extends  from  1774  to  1900.  The  second  period  extends  from 
1900  to  1941  and  might  be  aptly  described  as  developmental  insofar  as  many 
varied  techniques  were  applied  to  EWP  research  in  an  effort  to  understand 
its  mechanism.  The  third  period,  from  1945  to  1959,  might  be  described 
as  diagnostic  since  instrumentation  grew  to  be  enormously  more  adaptable 
to  observing  high  speed  events.  On  this  basis,  theories  are  advanced  to 
explain  EWP.  The  fourth  period  might  be  reasonably  described  as  one  of 
applications,  for  a  sufficient  mastery  and  understanding  had  been  achieved 
to  allow  for  this.  In  this  way,  the  subject  is  developed  in  chronological 
order  and  citations  at  the  end  of  the  paper  are  given  according  to  the  year 
in  which  they  were  formally  published. 

Of  historical  interest,  the  first  published  study  of  EWP  was  the 
work  of  Nairr  ; ^  who  connected  rather  long  fine  pieces  of  silver  and  cop¬ 
per  to  a  Leyden  jar  which  was  then  discharged.  The  result  of  the  discharge 
caused  the  wire  to  thrash  about  inflicting  minor  injury  to  the  experimenter. 
Singer  and  Crosse^reported  sometime  later  on  the  work  of  M.  DeNells  in 
the  Netherlands  with  interest  in  the  explosive  force.  A  method  of  depositing 
a  very  thin  gold  film  by  means  of  EWP  was  reported  by  Faraday 3.  The 
earliest  photographs,  both  photographs  and  smoke  plate  recordings,  were 
taken  by  v.  Hubl  and  v.  Obermayer^.  Vapor  deposits  on  glass  were  studied 
by  Toepler^  by  exploding  wires  2  to  3  mm  away  from  the  surface.  These 
five  authors  represented  the  toted  published  effort  in  exploding  wire 
research  from  1774  to  1900. 

Early  in  the  twentieth  century,  studies  by  Braun^  showed  that, 
following  an  explosion  of  the  wire,  the  vapor  then  condensed  on  a  glass 
plate  was  the  metal  itself  and  not  an  oxide.  Nipher?  showed  that  the  pas¬ 
sage  of  "negative  Corpuscles"  had  a  greater  explosive  effect. 

The  first  really  extensive  spectrographic  work  was  performed 
around  1920  by  Anderson8»9,  10,11,  >  measured  the  spectral  energy  and 

found  that  the  continuous  spectrum  is  the  same  for  the  different  metals 
tested.  He  pointed  out  that  the  absorption  spectrum  is  more  complete  than 
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any  other  laboratory  source,  that  the  brightness  is  greater  than  the  sun, 
and  that  the  continuous  background  extends  into  the  extreme  ultraviolet 
region.  Later,  rotating  mirror  camera  and  spectrograph  was  employed 
to  study  EWP  by  Anderson  and  Smithl2f  which  was  the  topic  of  Smith's 
doctoral  thesis  13  Wendt  and  Ireonl4  exploded  tungsten  wires  producing 
a  gas  which  gave  a  helium  spectrum  and  postulated  transmutation.  Smith^ 
and  Briscoe  et  al^  repeated  the  experiment  without  evidence  of  the  forma¬ 
tion  of  helium.  At  about  the  same  time  as  Anderson  and  Smith's  work, 
similar  photographic  techniques  were  developed  and  higher  quality  spectro¬ 
scopic  data  were  taken  in  Japan.  Hori^  performed  a  study  of  absorption 
spectra  of  exploding  wires.  In  a  paper  published  much  later  after  studies, 
Futagamil8  described  the  electrical  and  optical  equipment.  Nagaoka  and 
Futagamil9*  20, 21 , 22, 23, 24,  25  published  several  papers  about  1927 
reporting  the  data  taken  but  did  not  offer  a  mechanism  for  EWP.  They  also 
exploded  wires  in  a  magnetic  field^k.  Eckstein  and  Freeman27  attempted 
to  solve  some  of  the  problems  of  EWP  by  studying  the  spectra  of  lithium. 
Vaudet  and  Servant28,29  studied  the  spectra  of  exploded  wires  in  the  Far 
Ultraviolet  and  Schumann  Regions.  Conn^O  from  his  studies  concluded  that 
the  light  produced  was  not  reflected  nor  scattered  and  was  not  polarized 
for  that  reason. 

A  mechanism  for  EWP  was  suggested  by  Kleen^*  who  made  a 
detailed  study  of  EWP  using  electrical  capacity  as  the  principal  variable 
and  rotating  mirror  photography  as  the  recording  detector.  He  suggested 
that  the  occurrence  of  vapor  stria  was  initiated  by  prior  formation  of 
unduloids  in  the  liquid  phase.  The  mechanism  of  EWP  was  further  studied 
by  Wrana^»^»^  in  three  papers  which  treated  the  interruption  of  the 
heavy  surge  current.  He  believed  the  interruption  is  due  to  a  decreasing 
conductivity  of  the  metal  vapor  near  the  boiling  point.  He  classified  the 
action  according  to  the  energy  of  the  pulse. 

World  War  II  witnessed  the  accelerated  development  of  the  technical 
progress  of  leading  scientific  countries  and  the  wholesale  introduction  of 
devices  and  techniques.  In  the  fore  of  this  situation  was  the  measurement 
of  time  and  the  development  of  sensitive  detection  and  recording  equipment. 
With  this  in  mind,  the  work  in  EWP  progressed  with  surer  footing. 

Notable  applications,  specifically  in  high  speed  photography,  were 
made  including  the  development  of  high  speed  shutters  such  as  the 
Rapatronic^  and  Faraday^  shutters.  Other  improvements  were  made  in 
the  high  speed  framing  camera^'^.  Kerr-Cell  photography  was  intro¬ 
duced  for  the  first  time  in  1947^9.  The  development  of  Kerr -Cell  photo¬ 
graphy  was  pursued  by  Pugh  et  al^O,  Heine-Geldern^l ,  and  Zarem  et  al^. 
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Muller^'  by  means  of  a  double  Kerr -Cell  camera,  studied  the 
shock  waves  in  and  around  an  exploding  wire  showing  the  shock  wave 
system,  the  formation  of  dwell,  and  reignition.  Tucker^S  and  Webb^ 
also  took  advantage  of  Kerr -Cell  photography  in  their  studies  of  EWP. 

Spectroscopic  investigations  during  this  time  period  decreased. 
However,  Rosen^7  investigated  the  spectra  of  diatomic  oxides  using 
EWP,  andHauver^S  used  a  rotating  mirror  camera  as  a  spectrograph 
to  study  the  changes  in  the  spectrum  with  time. 

Several  cameras  were  developed  to  record  high  speed  phen¬ 
omena.  The  streak  or  rotating  mirror  camera  was  used  by  Bennett^* 
50,51,52,53  as  the  principal  instrument  for  investigating  EWP.  As  a 
result  of  these  studies,  he  concluded  that  an  exploding  wire  acts  as  a 
transducer  and  consequently  the  circuit  resistance  depends  on  the 
density  of  the  enclosing  medium.  He  also  studied  the  shock  waves 
associated  with  EWP,  relating  the  shock  wave,  electrical  and  heat 
energy.  He  further  calculated  the  power  lost  in  the  circuit  and  pro¬ 
duced  shock  fronts  that  propagated  at  speeds  to  Mach  9.  Nadig  et  al54 
discussed  the  use  of  a  high  speed  framing  camera  for  studying  EWP  as 
did  Zernon  et  al^  who  achieved  framing  rates  of  10&  per  second. 
Korneff56,57  studied  current  dwell  by  this  means  also. 

In  Russia,  shadow  photography,  oscillographs  and  photometry  were 
used  by  Kvartskhava  et  al5®  to  study  EWP.  They  suggested  that  the 
current  flow  is  interrupted  by  shock  waves,  that  melting  occurred  in 
bead-like  dimensions  and  that  evaporation  began  between  the  beads. 

An  effort  was  made  by  Lochte-Holtgreven^  to  classify  EWP 
according  to  the  order  of  the  events:  change  of  phase,  non-conduction 
period  or  cur  rent -dwell,  restrike.,  and  oscillatory  discharge.  He 
suggested  that  superheating  and  shockwaves  were  essential  features  in 
EWP.  Anderson  and  Neilson^O  advanced  the  action  integral  as  having 
greater  utility  than  the  energy  integral  in  EWP  studies. 

Day^l  used  a  method  of  photographic  photometry  which  yielded 
spectral  energy  composition  curves  and  brightness  temperatures. 
Temperature  estimates  form  line  widths  by  Beuchelt  and  Bohm^.  a 
four-color  spectrograph,  under  photoelectric  cell  surveyance,  provided 
Mayfield^ ^  with  an  estimate  of  temperature  based  on  the  Wien  radiation 
equation.  Prayning^  defined  temperature  as  the  kinetic  energy  of  the 
molecules. 
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Measurement  and  instrumentation  techniques  were  continuously 
improved  during  this  time  period.  The  work  of  Kvartskhava  et  al®® 
determined  that  in  an  EWP,  the  mater ial  is  ejected  at  velocities  up  to 
10®  cm-sec  and  they  suggested  that  this  material  ejection  occurred  in 
radial  jets.  They  confirmed  this®®  later  in  an  experiment  using  bent 
wires.  Measurement  of  radii  vs.  time  and  spectral  luminosity  vs. 
time  was  performed  by  O'Rourke  et  al®?  using  a  filmstrip  camera. 

Tucker  and  Neilson®®  stored  energy  in  a  long  coaxial  cable  and  dis¬ 
charged  it  in  3  microseconds.  They  found  that  the  energy-to-burst  was 
dependent  upon  the  current  density.  The  current  and  voltage  was  easily 
measured  because  of  the  completely  coaxial  arrangement.  Webb  et  al^ 
studied  the  electrical  and  optical  properties  of  very  small  diameter  wires 
of  Al,  Cu,  Ag,  Au,  Ni,  and  W  using  a  very  fast  2000  ppf  system  employing 
both  a  triggered  gap  and  thyratron  control. 

Conn?®,  Holtzworth  andHinz?!,  and  Liddiard  and  Drosd?^  studied 
the  possible  use  of  exploding  wires  as  light  sources.  Liddiard  and  Drosd 
investigated  their  use  for  photography,  recommending  tungsten  as  best 
suited  for  this  purpose.  Holzworth  and  Hinz  devised  a  practical  system 
for  using  EWP  as  a  light  source.  Patterson  et  al?®  investigated  the  feasi¬ 
bility  of  using  an  exploding  wire  as  a  spectrographic  source  for  the  analysis 
of  some  elements.  Herzog?^  used  EWP  to  produce  shock,  temperature 
and  particle  effects  on  several  elements  and  an  alloy.  McFarlane?5  and 
Cnare?®  suggested  the  use  of  an  EW  as  capacitor  fuses.  Marcus??  found 
that  EW  was  a  desirable  light  source  for  certain  photochemical  reactions. 

By  I960,  due  to  the  achievement  of  microsecond  photography, 
Bennett?®  summarized  the  case  for  exploding  wires.  He  stated  that  the 
early  stages  of  heating  were  the  same  for  all  wires  but  that,  depending 
upon  the  variables,  two  types  of  explosions  have  been  detected:  a  con¬ 
tinuous  current  type  and  a  nonconducting  type.  While  some  events 
associated  with  both  types  are  well  recorded,  an  incomplete  under¬ 
standing  remains  about  the  behavior  of  the  metal  under  these  circumstances. 

A  comprehensive  treatment  of  the  work  performed  at  NRL  was 
reported  by  Langworthy  et  al?9,  in  which  the  design, construction  and 
operation  of  three  capacitor  banks,  including  the  associated  electronic  and 
optical  equipment  and  techniques,  was  discussed.  An  elementary  theory 
was  presented. 

The  use  of  EWP  has  been  generally  studied  by  Ripoche®®  while 
Stevenson  et  al®^  has  studied  the  spectral  characteristics  of  exploding 
wires  for  excitation  of  optical  masers. 
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Research®^  seemed  to  indicate  a  role  for  EWP  as  high  intensity 
light  sources  for  comrv  unications,  propulsion  units  for  space  applica¬ 
tions,  and  hypervelocity  particle  impact  research. 

Stambler^  in  a  popular  article  stated  the  EWP  has  attractive 
possibilities  for  ur  »  as  fuse  initiators,  explosive  forming  systems,  and 
as  fuses.  EWP  has  been  used  to  join  otherwise  difficult  materials 
(quartz -to-quartz).  Further  use  might  be  developed  in  shock  research 
and  studies  of  properties  behind  shock  waves. 

Miscellaneous  applications  included  the  study  by  Jones ^4  using 
EWP  to  generate  high  power  radio-frequency  pulses  which  utilize  the 
"current  dwell"  period.  Karioris  and  Fish85  employed  EWP  from 
metal  wires  in  which  the  production  of  metallic  aerosols  of  noble  metals 
has  been  accomplished. 

Measurement  techniques  had  become  sufficiently  developed  by 
this  time  that  correlated  electrical  and  optical  measurements  of  exploding 
wires  were  then  commonplace.  Work  by  Bennett  et  al^  involving  a  high- 
resolution  streak  camera  and  improved  techniques  resulted  in  time- 
cor related  photographic  records  and  electrical  measurements.  A  voltage 
measuring  system  and  its  details  were  reported  by  Bey  et  al®?.  Kinetic 
electron  temperature  was  calculated  in  the  order  of  2.  6  Kev  from  photo¬ 
graphic  studies.  Fournet88  reported  temperatures  in  the  order  of 
2,000,000°K  in  his  studies.  Levine  et  al89  made  a  study  of  the  relation 
between  resistance  and  energy  to  time.  Webb  et  al^°  studied  the  effect 
of  depositing  large  amounts  of  energy  in  a  wire  (10ev/  atom)  before 
transplosion  wherein  pinch  pressures  were  of  the  order  of  10^  atmos¬ 
pheres.  The  reproducibility  of  EWP  has  been  established  by  Chace  et  al^*. 
Tucker*^  used  a  square-wave  generator  to  eliminate  external  circuit 
effects  allowing  a  more  exact  interpretation  of  results.  Reeves*^  mea¬ 
sured  the  peak  brightness  temperature  and  spectral  energy  distribution  of 
a  spark  discharge.  Temperatures  found  ranged  from  54000  to  68000 ®K 
by  spectroscopic  means. 

Recently  a  significant  amount  of  work  has  been  done  using  photo¬ 
graphic  techniques.  Bartels  et  al^,  using  high  speed  photographs  and 
spectrograms,  showed  that  wires  could  be  exploded  only  under  special 
circumstances  and  that,  in  rare  gas  atmospheres  of  100mm  and  200mm 
the  gas  surrounding  the  wire  broke  down  first.  Bennett  and  Shear^S 
observed  that  the  shock  wave  comes  not  only  from  the  unconfined  expan¬ 
sion  of  the  plasma  of  the  peripheral  arc.  They  developed  a  comprehen¬ 
sive  picture  of  exploding  wire  by  relating  current,  voltage,  light  and 
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streak  photographs.  An  interesting  photographic  study  was  performed 
by  Cnare^k  in  which  aluminum  tubes  were  electrically  exploded  by 
introduction  of  141  Kj  of  energy  at  20  KV.  It  was  shown  by  means  of 
X-ray  and  framing  camera  observations  that  the  tube  collapses,  melts 
and  finally  explodes.  Streak  camera,  framing  camera,  and  neutron 
detector  were  used  by  Katzenstein^?  to  study  the  pinch  effect  on 
material  of  different  atomic  number.  Evidence  of  pinch  has  been  ob¬ 
served  with  materials  of  low  atomic  number  by  neutron  and  photographic 
means.  Tucker98  used  Kerr-Cell  photographs  to  obtain  evidence  of 
arcing  around  the  wire  at  high  current  densities. 

Chace99  introduced  the  notion  of  classifying  wire  explosions  as 
melting,  slow,  fast,  and  ablative.  Keilhacker  100,  based  upon  measure¬ 
ments,  proposed  the  idea  that  the  copper  wire  superheats  and  this  pro¬ 
cess  is  interrupted  by  an  inward  progressing  rarefraction  wave.  Nash 
and  McMillan  101,  based  upon  Bardeen's  theory  of  metallic  resistance, 
advanced  a  theory  for  "dwell"  (i.  e.  ,  current  pause)  wherein  the  tem¬ 
perature  and  "compression"  changes  were  made  to  account  for  the 
resistance  increase  found  by  the  authors.  The  increase  in  the  wire 
resistance  stops  the  first  current  surge  ;.nd  the  time  period  during  which 
the  vapor  density  of  the  expanding  material  decreases  enough  to  allow 
reignition  of  the  discharge.  Further,  based  on  the  spark  breakdown 
mechanism,  a  hydrodynamic  model  was  proposed  to  explain  restrike 
from  the  "dwell"  situation.  Protopopov  and  Kul'garchukl®2  suggested 
that  the  metal  vaporized  from  the  surface  inward  by  a  rarefraction  wave 
and,  therefore,  the  speed  of  sound  in  the  metal  is  an  important  property. 
CnarelO^  studied  the  striation  of  electrically  exploded  copper  foils  and 
suggested  that  striation  instability  was  initiated  as  portions  of  the  foil 
pass  through  a  discontinuity  (conductivity)  at  a  phase  transition.  The 
resulting  instability  was  viewed  as  a  cause  for  uneven  heating  of  the  foil. 
Based  upon  this,  it  was  suggested  that  the  explanation  of  striation  phen¬ 
omena  may  also  be  applied  to  exploding  wires  in  general.  Webb  et  al*04 
investigated  wire  explosions  and  suggested  two  models  which  might  explain 
the  behavior  of  the  wires.  The  metals  were  divided  into  two  classes: 

Class  L  represents  materials  with  low  boiling  points  and  heats  of  vaporiza¬ 
tion.  The  experimental  work  of  Bennett  105  revealed,  from  single  fringe 
interferograms  of  exploding  copper  wires  that  the  fluid  disturbance  may  be 
divided  into  three  regions:  a  compression,  an  annular  plasma,  and  an 
expanding  wire  vapor.  He  indicated  that  electron  temperatures  as  high  as 
200  eV  may  occur  and  that  the  arc  boundary  is  probably  a  shock  wave  of 
the  electron -driven  type. 

In  summary,  the  purpose  of  this  report  has  been  to  outline  the 
general  development  of  EWP  up  to  1963.  While  the  scope  of  this  paper 
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does  not  permit  the  inclusion  of  every  investigator's  work,  an  attempt 
to  present  representative  papers  has  been  made.  The  progress  of 
EWP  research  has  been  described  in  terms  of  time  periods.  For  a 
more  complete  list  of  studies  performed,  the  reader  is  referred  to 
the  following  excellent  bibliographies  by:  Conn^^,  Chace  and 
Watson*®^,  and  Abbott*-®®. 


REFERENCES 


1.  Nairne,  E.  ,  "Electrical  Experiments  by  Mr.  Edward  Nairne, " 

Phil.  Trans.  Roy. Soc.  (London)  64,  79-89  (1774). 

2.  Singer,  C.J.  and  Crosse,  A.,  "An  Account  of  Some  Electrical 
Experiments  by  M.  DeNells,  of  Melines  in  the  Netherlands,  with 
an  Extension  of  Them,"  Phil. Mag.  46,  16 1-166  (1815)  and  ibid  46 , 
259-264  (1815). 

3.  Faraday,  M.  ,  "Division  by  the  Leyden  Deflagration,"  Proc.Roy. 
Inst.  8,  356  (1857). 

4.  v.  Hubl,  A.  and  v.  Obermeyer,  A.  ,  "Uber  einige  elektrische 
Entlandungser  scheinungen  and  ihre  photographische  Fixierung," 
Sitzungber  d.  K.  Akad.  Wissenach.  zu.  Wein  98,  Abth  Ha, 

419-430  (1889)  T  (On  the  Appearance  of  Several  Electrical 
Discharges,  and  their  Photographic  Recording). 

5.  Toepler,  M.  ;  "Beobachtung  von  Metalldampfschichtung  bei 
elektrischer  Drahtzer  staubung,"  Ann.  Physik  65,  873-876  (1898) 

T  (Observation  of  Metal  Vapor  Coating  by  Electrical  Vaporization 
of  Wires). 

6.  Braun,  P.  ,  "Der  Mechanismus  der  elektrischer  Zerstaubung; 
Schnelzen  von  Kohlenstoff;  Zerlegung  von  Metallerier ungen, " 

Ann.  Physik  17,  359-363  (1905)  T  (The  Mechanism  of  Electrical 
Sputtering;  Fusion  of  Carbon;  Segregation  of  Alloys). 

7.  Nipher,  F.E.  ,  "Matter  in  Its  Electrically  Explosive  State,"  Proc. 
Am. Phil. Soc.  52,  283-286  (1913). 

8.  Andersen,  J.A.  ,  "Electrically  Exploded  Wires ,  "  International 
Critical  Tables,  Vol.4,  434  (1934)  McGraw-Hill,  N.Y. 

9.  Anderson,  J.A.  "The  Spectral  Distribution  and  Opacity  of  Wire 
Explosion  Vapors ,"  Proc.  Natl.  Acad.Sci.  U.  S.  8,  231-232  (1922). 

10.  Anderson,  J.A.  ,  "Spectra  of  Explosions,  "  Proc.  Natl.  Acad.Sci.  U.S. 
6,  42-43  (1920). 

11.  Anderson,  J.A.  ,  "The  Spectrum  of  Electrically  Exploded  Wires," 
Astrophys.J.  51,  37-48  (1920. 


-8- 


12.  Anderson,  J.A.  and  Smith,  S.  ,  "General  Characteristics  of 
Electrically  Exploded  Wires ,"  Astrophys.  J.  64,  295-314  (1926). 

13.  Smith,  S.  ,  "A  Study  of  Electrically  Exploded  Wires,"  Ph.  D. 
Dissertation,  Calif. Inst,  of  Tech.  ,  1924. 

14.  Wendt,  G.  L.  and  Irion,  G.  E.  ,  "Experimental  Attempts  to 
Decompose  Tungsten  at  High  Temperatures,"  J.  Am.  Chem.  Soc . 
44,  1887-1894  (1922). 

15.  Smith,  S.  ,  "Note  on  Electrically  Exploded  Wires  in  High 
Vacuum,"  Proc. Natl. Acad. Sci.U.S.  10,4-5  (1924). 

16.  Briscoe,  H.V.A.  ,  Robinson,  P.L.  and  Stephenson,  G.E., 

"The  Electrical  Explosion  of  Tungsten  Wires,"  J. Chem. Soc. 
(London)  127,  240-247  (1925). 

17.  Hori,  T.  ,  "On  the  Absorption  Spectra  Produced  by  the  Explosion 
of  Various  Elements,  (Gq,  Cu,  Fe,  etc.),  "Sci. Papers  Inst.Phys. 
Chem. Research  (Tokyo)  4,  59-78  (1926). 

18.  Futagami,  T.  ,  "On  the  Electric  Explosion  Spectrum  of  Metals," 
Sci.  Papers  Inst.  Phys.  Chem.  Research(Tokyo)  31,  1-29  (1937). 

19.  Nagaoka,  H.  ,  Nukigama,  D.  ,  and  Futagami,  T.  ,  "Instantaneous 
Spectrograms,"  (various  metals)  Proc. Imp. Acad.  (Japan)  3^, 
208-212,  258-264,  319-333,  392-418,  499-502(1927). 

20.  Nagaoka,  H.  and  Futagami,  T.  ,  "Instantaneous  Photographs  of 
Electrically  Exploded  Wires,  "  Proc. Imp.  Acad.  (Japan)  £,  387- 
388  (1926). 

21.  Nagaoka,  H.  and  Futagami,  T.  ,  "Explosion  Spectra  of  Mercury ,  " 

Proc. Imp.  Acad.  (Japan)  Z,  254-257  (1926). 

22.  Nagaoka,  H.  ,  Futagami,  T.  ,  and  Machida,  T.  ,  "Electric  Explo¬ 
sion  of  Wires  and  Threads,"  Proc .  Imp.  Acad.  (Japan)  328-329 
(1926). 

23.  Nagaoka,  H.  ,  Futagami,  T.  ,  and  Obata,  H.  ,  "Spectra  of  Metals 
Excited  by  Means  of  High  Tension  and  Heavy  Current,  "  Proc.  Imp. 
Acad.  (Japan)  2,  1618  (1926). 


-9- 


24.  Nagaoka,  H.  and  Futagami,  T.,  "Cinematographic  Sketch  of  Elec¬ 
trically  Exploded  Wires,  "  Proc  Imp.  Acad.  (Japan)  4,  198-199 
(1928). 

25.  Nagaoka,  H.  and  Futagami,  T.,  "Electric  Explosions, "  Sci. 

Papers  Inst. Phys. Chem.  Research  (Tokyo)  8^,  269-288  (1928). 

26.  Nagaoka,  H.  and  Futagami,  T.  ,  "Electric  Explosion  in  Magnetic 
Field,  "  Proc.  Imp.  Acad.  (Japan)4,  283  (1928). 

27.  Eckstein,  L.  and  Freeman,  I.M.  ,  "Das  Spektram  explodierender 
Lithiumdrahte, "  Z.Physik  64,  547-555  (1930)  (The  Explosion 
Spectrum  of  Lithium  Wires). 

28.  Vaudet,  G.  ,  "Etude  et  Emploi  d'une  Source  Lamineuse  de  Grande 
Brillance,  "  Ann.  Phys.  9,  645-722  (1938)  T  (The  Study  and  Use  of  a 
Light  Source  of  Great  Brilliance). 

29.  Vaudet,  G.  and  Servant,  R.,  "Spectres  de  fils  exploses  dan 
l'ultraviolet  lointain  et  la  region  Schumann,"  Compt.  rend  201, 

195-197  (1935)  T  (Spectra  of  Exploded  Wires  in  the  Far  Ultra¬ 
violet  and  Schumann  Regions). 

30.  Conn,  W.M.  ,  "Note  on  the  Polarization  of  Light  Emitted  by  Elec¬ 
trically  Exploded  Wires ,"  Phys.  Rev.  58,  50-51  (1940). 

31.  Kleen,  W.  ,  "Uber  den  Durchgang  der  Elektrizitat  durch  metallische 
Haardrahte,"  Ann.Physik  11,  579-605  (1931)  T  (On  the  Passage  of 
Electricity  thru  Fine  Metal  Wires). 

32.  Wrana,  J.  ,  "Vorgange  beim  Schmelzen  and  Verdampfen  von  Drahten 
mit  sehr  hochen  Strondichten, "  Phys.Ber.  21,  522  (1940)  T  (Proces- 
seain  the  Melting  and  Vaporization  of  Wires  with  Very  High  Current 
Densities). 

33.  Wrana,  J.  ,  "Vorgange  in  Sicherun  bei  elektrischer  Stossbelastung, " 
Electrotech.  z.  59 ,  11-13  (1938)  T  (Processes  in  Fuses  Subjected 

to  Surge  Currents). 

34.  Wrana,  J.  ,  "Vorgange  beim  Schmeizen  and  Verdampfen  von  Drahten 
mit  sehr  Hochen  Stromdichten,  "  Arch.  Electrotech.  33,  656-672(1939) 
T  (Processes  in  the  Melting  and  Vaporization  of  Wires  with  Very 
High  Current  Densities). 


-10- 


35.  Allen,  W.A.  ,  Hendricks,  C.H.,  Mayfield,  E.B,  ,  and  Miller ,  F. M.  , 
"Electronic  Shutter  Photographs  of  Exploding  Bridge  Wires,"  Rev. 
Sci.Instr.  24,  1068-1069  (1953). 

36.  Lebedev,  S.  V.  ,  "Explosion  of  a  Metal  Due  to  an  Electric  Current," 
Zhur.Eksp.  iTeoret.Fiz.  32,  199-207  (1957),  Soviet  Phys.  JETP  5, 
243-252  (1957). 

37.  Nadig,  F.H.  ,  Bohn,  J.L.  ,  and  Korneff,  T.  ,  "High  Speed  Framing 
Camera  for  Photographing  Exploding  Wire  Phenomena,"  Exploding 
Wires,  Vol.I_,  Chace  and  Moore  (eds. ),  Plenum  Press,  N.Y.  (1959) 
345-364. 

38.  Zernow,  L.  and  Hauver ,  G.  ,  "Cine -Microscopy  of  Sparks,  Exploding 
Wires  and  Fracture  at  Framing  Rates  10^/  second,"  Phys. Rev.  98, 
1551  (1955). 

39.  Zarem,  A.M.  ,  Marshall,  F.R.  ,  and  Poole,  F.  L.  ,  "Transient  Elec¬ 
trical  Discharges:  Disintegration  of  Small  Wires,  "  Phys. Rev.  72, 

158  (1947). 

40.  Pugh,  E.M.,  Heine-Gelern,  R.V.  ,  Foner,  S.  ,  and  Mutschler,  E.C., 
"Kerr  Cell  Photography  of  High  Speed  Phenomena,  "  J.  Appl.  Phys.  22, 
487-493  (1951). 

41.  Heine -Geldern,  R.V.  ,  "Photographic  Ultra-Rapide  au  Moyeu  de 
Cellules  de  Kerr  et  de  Fils  Explosifs,"  Photographic  and  Cinemato¬ 
graphic  Ultra-Rapides ,  Actes  du  Z  erne  Congres  International  de 
Photographic  et  Cinematographic  Ultr a- Rapides ,  Paris  (1954) 

238-243  T  (High  Speed  Photography  by  Means  of  Kerr -cells  and 
Exploding  Wires). 

42.  Zarem,  A.M.  ,  Marshall,  F.R.  and  Hauser,  S.M.  /'Millimicro¬ 
second  Kerr  Cell  Camera  Shutter ,"  Rev.  Sci.Instr.  29,  1041-1044 
(1958). 

43.  Muller,  W„  ,  "Der  Ablauf  einer  electriscnen  Drahtexplosion  mit  Hilfe 
der  Kerr-Zellen-Kamera  untersucht,"  Z.Physik  149,  397-411  (1957) 

T  (Results  of  an  Electric  Wire  Explosion  Investigated  by  Means  of  the 
Kerr  Cell  Camera). 

44.  Muller,  W.  ,  "Studies  of  Exploding  Wire  Phenomenon  by  Use  of  Kerr 
Cell  Schlieren  Photography,"  Exploding  Wires,  Vol.I ,  Chace  and 
Moore  (eds.),  Plenum  Press ,  N.Y.  (1959)  186-208., 


-11- 


45.  Tucker,  T.  J.  ,  "Dependent  Resistivity  of  Exploding  Wires,"  J. 
Appl.Phys.  30,  1841-1842  (1959). 

46.  Webb,  F.H.  ,Jr.  ,  "Study  of  Electrically  Exploded  Wire  Materials," 
Electro -Optical  Systems  Report  210-OL-4  (1959). 

47.  Rosen,  B.  ,  "Spectra  of  Diatomic  Guides  by  the  Method  of  Exploded 
Wire,"  Nature  156,  570-571  (1945). 

48.  Hauver,  G.  E.  ,  "A  Spectrograph  with  Space-Time  Resolution  and 
Its  Application  to  the  Study  of  Exploding  Tungsten  Wires, "  B.R.  L. 
Report  913  (July,  1955). 

49.  Bennett,  F.  D.  ,  "Flow  Fields  Produced  by  Exploding  Wires," 

B.R.L.  Report  1075  (May  1959). 

50.  Bennett,  F.  D.  ,  "Energy  Partition  in  the  Exploding  Wire  Phenomenon 
B.R.L.  Report  1056  (October  1958). 

51.  Bennett,  F.  D.  ,  "Cylindrical  Shock  Waves  from  Exploding  Wires,  " 
B.R.L.  Report  1038  (1958). 

52.  Bennett,  F.  D.  and  Shear,  D.  D.  ,  "Visualization  of  Cylindrical  Shock 
Waves,"  B.R.L.  Memo  Report  1199  (March  1959). 

53.  Bennett,  F.  D.  ,  "Cylindrical  Shock  Waves  from  Exploded  Wires  of 
Hydrogen-Charged  Palladium, "  B.R.L.  Report  1063  (January  1959). 

54.  Nadig,  F.H.,  Bohn,  J.L.  ,  and  Korneff ,  T.  ,  "High  Speed  Framing 
Camera  for  Photographing  Exploding  Wire  Phenomenal,"  Exploding 
Wires,  Vol.  I,  Chace  and  Moore  (eds.),  Plenum  Press,  N.Y.  (1959) 
345-364. 

55.  Zernow,  L.  ,  Woffinden,  G.  amd  Kreyenkagen,  K.N.,  "Highspeed 
Cinemicrography  of  Electricadly  Exploded  Tungsten  and  Molybdenum 
Wires,"  Photo  Science  and  Engineering  4,  31-36  (1960). 

56.  Korneff,  T.  ,  "Mechanisms  in  Exploding  Wire  Phenomena,"  Ph.  D. 
Dissertation,  Temple  Univ.  ,  1959. 

57.  Korneff,  T.  ,  Bohn,  J.L.  ,  and  Nadig,  F.H.,  "Exploding  Wire 
Phenomena  at  Reduced  Pressures,"  Exploding  Wires,  Vol. I,  Chace 
and  Moore  (eds.)  Plenum  Press,  N.Y.  (1959)  104-117. 


-12- 


58.  Kvartskhava,  I.F,,  Pliutto,  A.  A.,  Chernov,  A.  A.,  and  Bond¬ 
arenko,  V.V.  ,  "Electrical  Explosion  of  Metal  Wires,"  Zhur.  Eksp. 
i  Teoret.Fiz.  30,  42-53  (1956);  Soviet  Phys.  JETP  3,  40-51  (1956). 

59.  Lochte-Holtgreven,  W.  ,  "Uber  die  Elementarvorgange  bei  der 
elektrischen  Explosion  dunner  Metalldrahte, "  Tagung  uber  Verbren- 
nungm  Stoss  well  en,  Detonation,  St.  Louis  (1951),  Laboratoroire  de 

St.  Louis  (France)  14/ M/  51  325-337  (1951)  T  (Concerning  the  Elemen¬ 
tary  Processes  in  the  Electrical  Explosion  of  Thin  Metal  Wires). 

60.  Anderson,  G.W.  andNeilson,  F.W.  ,  "Use  of  the  'Action  Integral'  in 
Exploding  Wire  Studies,"  Exploding  Wires,  Vol.I,  Chace  andMoore 
(eds. )  Plenum  Press,  N.Y.  (1959)  97-103. 

61.  Day,  P.  B.  ,  "The  Radiant  Intensity  of  Electrically  Exploded  Wires," 

J.  Opt.Soc.  Am.  43,  817  (1953). 

62.  Beuchelt,  R.  and  Bohm,  E.  ,  "Uber  eine  Temperatur  und  Druck- 
messung  in  Plasma  Von  Drahtexplosionfcn, "  Naturwissenschaften  44, 
507  (1957)  T  (Temperature  and  Pressure  Measurement  in  the  Plasma 
from  Exploding  Wires). 

63.  Mayfield,  E.B.  ,  "Radiometric  Temperature  Measurements  of  Ex¬ 
ploding  Wires,"  Exploding  Wires,  Vol.I,  Chace  andMoore  (eds. ), 
Plenum  Press,  N.Y.  (1959)  147-155. 

64.  Prayning,  O.  ,  "General  Remarks  Concerning  the  Concept  of  High 
Temperatures  and  Their  Measurements,"  Uspekhi  Fiz.  Nauk  (USSR) 

55,  598-608  (1955). 

65.  Kvartskhava,  I.f.  ,  Bondarenko,  V.V.  ,  Pliutto,  A.  A.  and  Chernov, 

A.  A.  ,  "Oscillographic  Determination  of  Energy  of  Electric  Explosion 
of  Wires, "  Zhur.  Eksp.  i  Teoret.Fiz.  31,  745-751  (1956);  Soviet  Phys. 
JETP  4,  623-629  (1957). 

66.  Kvartskhava,  I.F.  ,  Bondarenko,  V.V.  ,  Meladze,  P.  D.  ,  andSuladze, 

K. V.  ,  "Electric  Explosion  of  Spiral  Wires  in  Vacuum,"  Zhur.  Eksp. 
i  Teoret.Fiz.  35,  911-916  ( 1958),  transl.  in  Soviet  Phys.  JETP  35, 
634-638  (1959).  ” 

67.  O'Rourke,  R.C.  ,  Scherrer,  V.  and  Dobbie,  C.B.  ,  "Production  of 
Strong  Cylindrical  Shock  Waves  by  Exploding  Wires,"  Bull.  Am.  Phys. 
Soc.  2,  47  (1957). 


-13- 


68. 


Tucker,  T.J.  andNeilson,  F.W.  ,  "The  Electrical  Behavior  of 
Fine  Wires  Exploded  by  a  Coaxial  Cable  Discharge  System, "  Explod¬ 
ing  Wires,  Vol._I,  Chace  and  Moore  (eds.),  Plenum  Press,  N.Y. 

(1959)  73-82. 

69.  Webb,  F.  H.  ,Jr.  ,  Chace,  N.  ,  Ernstene,  M.  and  Tollestrup,  A.V.  , 
'Submicrosecond  Wire  Explosion  Studies  at  Electro -Optical  Systems, 
Inc.  11  Exploding  Wires,  Vol._I,  Chace  and  Moore  (eds),  Plenum  Press, 
N.Y.  (1959)  33-58. 

70.  Conn,  W.M.  ,  "The  Use  of  'Exploding  Wires'  as  a  Light  Source  of 
Very  High  Intensity  and  Short  Duration,  "  J.  Opt.Soc.  Am.  41,  445-449 
(1951). 

71.  Holtzworth,  R.E.  andHinz,  D.J.,  "Exploding  Wire  Backlighting  for 
the  Study  of  Detonation,  Shock  and  Shaped  Charges,"  B.R.  L.  Rpt.  818 
(May  1952). 

72.  Liddiard,  T.P.  and  Dr  os  d,  R.D.  ,  "Exploding  Wires  for  Light  Sources 
in  Fast  Photography,"  U.S.  Naval  Ordnance  Lab  Memo  10840  (1950). 

73.  Paterson,  J.E.,  Murray,  T.P.  and  Grimes,  W.F.  ,  "Investigations 
of  the  Use  of  an  Exploding  Wire  as  a  Spectorgraphic  Souce,  "  Research 
Report  -  Jones  and  Laughlin  Steel  Corp.  ,  Proj.  633,  T-4  (Jan.  1956). 

74.  Herzog,  A.  ,  "Influence  of  Short  Time,  High  Velocity  Impact  on 
Materials  Structures,"  Tech.  Memo  WCRT-56-93,  WADC,  Materials 
Laboratory  (Aug.  1956). 

75.  McFarlane,  H.B.,  "A  High-Voltage ,  Quick-Acting  Fuse,  to  Protect 
Capacitor  Banks,"  Exploding  Wires,  VolJ^,  Chace  and  Moore  (eds.), 
Plenum  Press,  N.Y.  (1959)  324-344. 

76.  Cnare,  E.C.  ,  "An  Exploding  Wire  as  a  Fuse  for  the  LAS  Capacitor 
Bank  -  Zeus ,"  Sandia  Corp.  SC -4324  (TR),  TID-4500  ( 14th  Ed)(1959). 

77.  Marcus,  R.  A.  ,  "Application  of  the  Exploding  Wire  Technique  in 
Photochemistry,"  Exploding  Wires,  Vol.J^,  Chace  and  Moore  (eds), 
Plenum  Press,  N.Y.  (1959)  307-314. 

78.  Bennett,  F.  D.  ,  "Exploding  Wires,"  Scientific  American,  Vol,  206, 

No.  5,  May  1962,  103-112. 


-14- 


79.  Langworthy,  J.B.  ,  O'Rourke,  R.C.  ,  Shuler,  M.P.  ,  Vitkovitsky, 
L.M.,  Dobbie,  C.B.,  Veith,  R.J.  and  Hansen,  D.  F.  ,  "Electrically 
Exploded  Wires  -  Experiments  and  Theory,"  Progress  Rpt.  1/ Hi/  58 
to  30/VI/ 60.  NRL  Rpt.  5489  (1961). 

80.  Ripoche,  J.  ,  "Generateur  de  Flashes  Fonctionnant  par  Explosion  de 
Fils  Metallizues ,  "  J.  Phys.  Radium  22,  48A-52A  (1961)  T  (Exploding 
Wire  Light  Flash  Generator). 

81.  Stevenson,  M.  J.  ,  Reuter,  W.  ,  Braslau,  N.  ,  Sorokin,  P.  P.  ,  and 
Landon,  A.  J.  ,  "Spectral  Characteristics  of  Exploding  Wires  for 
Optical  Maser  Excitation,  "  J.  App.  Phys.  ,  34,  No.  3,  March  1963 
5C0 -509. 

82.  Anon.  ,  "Exploding  Wire  Aids  Hypervelocity  Work,"  Electronics, 

Vol.33,  Jan -Mar  I960,  97.  ~ 

83.  Stambler,  I.  ,  "Exploding  Wires  Likely  to  Find  Many  Uses," 

Space/ Aeronautics ,  Vol.  34,  I960,  48-51. 

84.  Jones,  I.R.  ,  "Generation  of  High  Power  Radio-Frequency  Pulses 
by  Means  of  an  Exploding  Wire  Technique,  "  Rev.Sci. Instr .  ,  32, 

No.  8,  Aug.  1961,  962-963. 

85.  Karioris,  F.  G.  and  Fish,  B.R.,  "An  Exploding  Wire  Aerosol 
Generator ,"  J.  Colloid  Science,  Vol.JLj^,  1962,  155-161. 

86.  Bennett,  F.  D.  ,  Burden,  H.S.  ,  and  Shear,  D.  D.  ,  "Correlated 
Electrical  and  Optical  Measurements  of  Exploding  Wires, "  Phys. 
of  Fluids ,  Vol.  5^,  No.  1,  Jan.  1962,  102-113. 

87.  Bay,  P.  P.  ,  Faust,  W.R.,  Fulper,  R.  ,  Jr.  ,  Leavitt,  G.  E.  ,  Ship- 
man,  J.D.  Jr.  ,  and  Vitkovitsky,  L.M.  ,  "Exploding  Wire  Studies," 
U.S. Naval  Research  Laboratory  Progress  Report  1  Nov  1961  to 

1  Feb  1962. 

88.  Fournet,  M.  ,  "Phenomenes  Provoques  par  des  implosions  de  courant 
intenses  dans  des  conducteurs  resistants,"  Comptes  Rendu  252, 
2084-2086  (1961)  T  (Phenomena  Produced  by  Implosions  of  Heavy 
Current  in  Resistive  Conductors). 


89.  Levine,  P.H.  ,  Tollestrup,  A.V.,  and  Webb,  F.H.  ,Jr.  ,  "Elec¬ 
trical  Conduction  in  Rapidly  Exploded  Wires,  "  Pr oc .  F ifth  Inter  - 
National  Conference  on  Ionization  Phenomena  in  Gases,  Vol. II, 

'  2034-2054,  North-Holland  Pub.  Co.  ,  Amsterdam  (1962)  H.  Maecker. 

j 

90.  Webb,  F.H.  ,  Jr.  ,  Bingham,  H.M.  ,  and  Tollestrup,  A.V.  ,  "High- 
Energy  Densities  before  Dwell  in  Electrically  Exploded  Wires," 

Phys.  Fluids  3,  318-319  (1960). 

91.  Chace,  N.  ,  Hankin,  N.  ,  Webb,  F.  ,  "Instrumentation  for  Exploding 
Wire  Research,"  Electronics,  Vol.  33,  July -September  I960,  43-45. 

92.  Tucker,  T.  J.  ,  "Square -Wave  Generator  for  the  Study  of  Exploding 
Wires,"  Rev.Sci.Instr.  ,  Vol.  31,  No.  2,  Feb.  I960,  165-168. 

93.  Reeves,  E.M. ,  "Peak  Brightness  Temperatures  and  Intensity 
Measurements  in  a  Short  Duration  Spark  Souce,  "  Proc .  Phys .  Soc .  , 

Vol.  81,  1963,  47-51. 

94.  Bartels,  H.  ,  Bortfeldt,  J.  ,  Berg,  K.H.  ,  "Uber  den  Zundungsprozess 
bei  Drahtexplosionen,  "  Proc.  cf  the  Fifth  International  Conference  on 
Ionization  Phenomena  in  Gases,  Vol. I,  H.  Maecker  (ed),  North- 
Holland  Pub. Co.  ,  Amsterdam  (1962),  1048-1051,  T  (On  the  Ignition  Pro¬ 
cess  in  Wire  Explosions). 

95.  Bennett,  F.  D.  and  Shear,  D.  D.  ,  "Shock  Waves  from  Exploding  Wires 
at  Low  Ambient  Densities,"  B.R.L.  Report  1152  (Oct  1961). 

96.  Cnare,  E.C.  ,  "Electrically  Imploded-Exploded  Aluminum  Tube.  " 

J.App  Phys.  ,  32_,  1275-1278  (1961), 

97.  K^tzenstein,  J.  ,  andSydoe,  M.  ,  "Exploding  Wire  as  Fast  Dynamic 
Pinch,"  J.App,Phy8.  ,  Vol.  33^,  No.  2,  Feb.  ,  962,  718-723. 

98.  Tucker,  T.J.,  "Behavior  of  Exploding  Gold  Wires, "  J.App.  Phys. 

32,  1894- 1°00  (1961). 

99.  Chace,  W.G,  and  Levine,  M.  A.  ,  "Classification  of  Wire  Explosions," 
J.App.  Phys.  ,  VoL31,  1298  (1960). 

100.  Keilhacker,  M.  ,  "Uber  den  Mechanismus  der  explosions -artigen 
Verdampfung  von  Kupferdrahten  durch  sehr  intensive  Stromstosse 
und  das  Verhalten  des  Kupfers  bei  den  dabei  auftrentenden  hohen 
Drucken  und  Temperaturen, "  Z.angew  Physik  12,  49-59  (I960) 

T  (On  the  Mechanism  of  Explosive  Vaporization  of  Copper  Wires  by 


-16- 


very  Large  Current  Pulses  and  the  Behavior  of  Copper  at  the 
Resulting  High  Pressures  and  Temperatures). 


101.  Nash,  C.P.  andMcMillan,  W.G.  ,  "On  the  Mechanism  of 
Exploding  Wires,"  Physics  of  Fluids,  Vol.4,  No.  7,  July  1961, 
911-917. 

102.  Protopopov,  N.A.  ,  and  K;il'garchuk,  V.M.,  "Mechanism  for 
Interruption  of  Current  Flow  and  Production  of  Shock  Waves  in 

a  Metal  Heated  by  High-Density  Current  Pulses,  "  Soviet  Physics- 
Technical  Physics,  Vol.6,  No.  5,  March  1961,  399-404. 

103.  Cnare,  E.C.,  "Observations  on  the  Striation  of  Electrically  Ex¬ 
ploded  Copper  Foils ,  "  J .  App.  Phys .  32,  No.  6,  June  1961,  1043-44. 

104.  Webb,  F.H.  ,  Hilton,  H.H.  ,  Levine,  P.H.  ,  and  Tollestrup,  A.  V.  , 
"Exploring  the  Nature  of  Bridgewire  Explosions,"  Space/ Aero¬ 
nautic  s ,  Vol.  38,  No.  3,  August  1962,  75-80. 

105.  Bennett,  F.  D.  ,  "Shock -Producing  Mechanisms  for  Exploding  Wires," 
Physics  of  Fluids,  Vol._5,  No.  8,  August  1962,  891-898. 

106.  Conn,  W.M.  ,  "Studien  zum  Mechanisonus  von  elektrischen  Draht- 
explosionen  (Metallnieder schiage  und  Stoss well en),  Z.angew  Physik, 
Vo.  7^,  539-554  (1955)  T  (Studies  of  the  Mechanism  of  Electrical  Wire 
Explosions.  ). 

107.  Chace,  W.G.  ,  and  Watson,  E.M.  ,  "A  Bibliography  of  the  Electrically 
Exploded  Conductor  Phenomena,"  Air  Force  Cambridge  Research 
Laboratory,  1962. 

108.  Abbott,  H.M.  ,  Comp.,  "Exploding  Wire  Phenomena:  An  Annotated 
Bibliography ,"  Special  Bibliography  SB -62 -48,  Lockheed  Missiles 
and  Space  Company,  1962. 


